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The levels of 8-oxo-2-deoxyguanosine (oxo8dG) in DNA isolated
from tissues of rodents (male F344 rats, male B6D2F1 mice, male
C57BLy6 mice, and female C57BLy6 mice) of various ages were
measured using sodium iodide to prevent oxidative damage to
DNA during DNA isolation. Oxo8dG was measured in nuclear DNA
(nDNA) isolated from liver, heart, brain, kidney, skeletal muscle,
and spleen and in mitochondrial DNA (mtDNA) isolated from liver.
We observed a significant increase in oxo8dG levels in nDNA with
age in all tissues and strains of rodents studied. The age-related
increase in oxo8dG in nDNA from old mice was shown not to the
result of the tissue’s reduced ability to remove the oxo8dG lesion.
Rather, the increase in oxo8dG levels appears to arise from an
age-related increase in the sensitivity of these tissues to oxidative
stress. We also observed an age-related increase in oxo8dG in
mtDNA isolated from the livers of the rats and mice. Dietary
restriction, which is known to retard aging and increase the
lifespan of rodents, was shown to significantly reduce the age-
related accumulation of oxo8dG levels in nDNA in all tissues of
male B6D23F1 mice and in most tissues of male F344 rats. Our study
also showed that dietary restriction prevented the age-related
increase in oxo8dG levels in mtDNA isolated from the livers of both
rats and mice.

The oxidative stress hypothesis of aging (or the free radical
hypothesis as it was first proposed) is currently one of the

most popular explanations for how aging occurs at the biochem-
ical level. The basic tenet of the oxidative stress hypothesis is that
the age-related loss of physiological function and aging are
because of the progressive and irreversible accumulation of
oxidative damage (1). Over the past decade, the oxidative stress
hypothesis of aging has gained wide acceptance because numer-
ous studies have shown a strong correlation between increasing
age and the accumulation of oxidative damage to cellular
macromolecules (2, 3) and because the increased survival ob-
served with dietary restriction has been correlated to reduced
oxidative damage (3, 4). It also appears that certain types of
pathological lesions that arise with age are associated with
increased levels of oxidative damage to cellular macromole-
cules (5, 6).

In 1990, Ames’ laboratory reported the first data on the effect
of aging on DNA oxidation (7). They observed a significant
('2-fold) increase in 8-oxo-2-deoxyguanosine (oxo8dG) levels
in nuclear DNA (nDNA) isolated from liver, kidney, and
intestine of male rats between 2 and 24 months of age. Later,
Ames et al. (5) reported that the levels of oxo8dG in mitochon-
drial DNA (mtDNA) isolated from male rat liver increased 2- to
3-fold with age. Since 1990, a number of research groups have
observed an age-related increase in the level of oxo8dG in both
nDNA and mtDNA in a variety of tissues of rats and mice (8).

On the other hand, many investigators have been unable to
detect a significant increase in DNA oxidation in rodent tissues
with increasing age (9). The most likely explanation for the
contradictory results is artifactual DNA oxidation, which arises
during the isolation and analysis of the DNA samples. Since the
report by Claycamp (10) that phenol can induce DNA oxidation
during DNA extraction, there has been a great deal of debate
about the actual in vivo levels of oxo8dG in DNA. Recently, two

groups showed that DNA isolated using sodium iodide (NaI) had
very low levels of oxo8dG compared with the commonly used
phenol method (11–13), and our laboratory showed that the
generation of oxo8dG during DNA isolation was eliminated
using the NaI isolation method (14). All of the studies reported
to date on the effect of aging on DNA oxidation have isolated
DNA from tissues of rodents using either phenol or other
organic solvents, which give relatively high levels of oxo8dG
because of oxidative damage to DNA during the isolation
process. In a recent review, Lindahl and Wood (15) concluded,
‘‘previous reports on the presence of high quantities of oxo8dG
in organ DNA as an apparent consequence of physiological aging
should be interpreted with caution.’’

The purpose of this study was to determine the effect of age
and dietary restriction on the levels of oxo8dG in DNA isolated
from rodent tissues using the NaI method to eliminateyminimize
the artifactual generation of oxo8dG during DNA isolation. We
measured the levels of oxo8dG in DNA isolated from a wide
variety of tissues in both rats and various mouse strains to
determine the universality of the age-related changes in DNA
oxidation, i.e., were the changes tissue- or strain-specific. We
observed an age-related increase in oxo8dG levels in nDNA
isolated from all tissues studied from both rats and mice and an
increase in oxo8dG levels in mtDNA isolated from the livers of
both rats and mice. Dietary restriction reduced the levels of
oxo8dG in nDNA from most tissues studied as well as in liver
mtDNA of both rats and mice.

Materials and Methods
Animals and Diet. Male Fischer 344 (F344) rats and male B6D2F1
(C57BLy6 3 DBAy2) mice fed either ad libitum or food-
restricted diets were obtained from the National Institute on
Aging. The F344 rats were 6, 18, and 24 months of age, and the
B6D2F1 were 6 and 25 months of age when used in the
experiments described below. The F344 rats and B6D2F1 mice
were housed individually under barrier conditions. Starting at 16
weeks of age, the food-restricted rats or mice were given 60% of
the diet consumed by a companion group of rats or mice fed ad
libitum as described previously (16). The mean survival for rats
and mice maintained by the National Institute on Aging is 26 and
35 months for male F344 rats fed ad libitum and a food-restricted
diet, respectively, and 31 and 47 months for male B6D2F1 mice
fed ad libitum and a food-restricted diet, respectively (17).

The male and female C57BLy6 mice used in this study were
obtained from the aging colonies of mice maintained by the San
Antonio Nathan Shock Aging Center. The male mice were 6 and
26 months of age when used in the experiments described below,
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whereas the female mice were 6, 14, and 26 months of age. These
mice were group housed, four mice per cage, and fed ad libitum.
The mean survival of the male and female C57BLy6 mice in
these colonies was 29 and 33 months, respectively.

The rodents were humanely euthanized between 9:00 and
11:00 a.m. to minimize diurnal variation. Tissues were immedi-
ately collected and frozen in liquid nitrogen. The tissues were
stored at 280°C and analyzed within 30 days of collection. In one
experiment, mice were exposed to 2 Gy of whole-body g-irra-
diation using a 137Cs GammaCell-40 Irradiator (Atomic Energy,
Ottawa) that produced 136 cGy/min. Mice were euthanized at
various times (0, 7.5, 15, and 30 min) after g-irradiation to follow
the removal of oxo8dG from the DNA. The tissues were
collected and immediately frozen in liquid nitrogen. All proce-
dures for handling the rats and mice were approved by the
Institutional Animal Care and Use Committee of the University
of Texas Health Science Center at San Antonio and the Sub-
committee for Animal Studies at the Audie L. Murphy Memorial
Veterans Hospital.

Isolation and Analysis of DNA. Nuclear DNA was isolated using a
DNA Extractor WB kit (Wako Chemicals, Richmond, VA) as
modified by Hamilton et al. (14). The liver (50–100 mg), brain
(100–150 mg), kidney (150–200 mg), and spleen (40–50 mg)
were homogenized in a Dounce homogenizer in ice-cold lysis
solution, and the heart was homogenized in a ground-glass
homogenizer in ice-cold lysis solution. The skeletal muscle
(entire muscle from the two hind limbs, '500 mg) was ground
into a powder in liquid nitrogen and then homogenized in
ice-cold lysis solution using a Dounce homogenizer. Nuclei were
collected by centrifuging the homogenate at 10,000 3 g for 20 s,
and the nuclear pellets were resuspended in the enzyme reaction
solution and proteinase K (10 mg/ml) provided with the kit.
RNase mixture (Ambion, Austin, TX) was then added to a final
concentration of 20 mg/ml. Mitochondrial DNA was isolated
using mtDNA Extractor CT kit (Wako Chemicals). Briefly,
mitochondria were isolated from livers pooled from five mice or
one whole rat liver. The homogenates were centrifuged at
1,000 3 g for 1 min. The supernatants were collected and
centrifuged at 10,000 3 g for 10 min. The pellets, which
contained mitochondria, were treated with the solutions in the
mtDNA extractor kit.

In total, 50–75 mg of nDNA and mtDNA were hydrolyzed as
described by Kasai et al. (18). The 8-oxo-2-deoxyguanosine
(oxo8dG) and 2-deoxyguanosine were resolved by high pressure
liquid chromatography and quantified by electrochemical detec-
tion as described previously (14). The data are expressed as the
ratio of nmol of oxo8dG to 105 nmol of 2-deoxyguanosine.

Antioxidant Enzyme Activities. The activities of Mn and CuZn super-
oxide dismutase (SOD), catalase, and glutathione peroxidase were
measured in tissue extracts obtained from young and old female
C57BLy6 mice. The tissues (100 mg) were homogenized in 10 vol
of ice-cold homogenization buffer (10 mM KH2PO4, pH 7.4y20 mM
EDTAy30 mM KCl) using a ground-glass homogenizer. The ho-
mogenates were centrifuged at 13,600 3 g for 10 min, and the
supernatant was used to measure the activities of the antioxidant
enzymes using activity gels to measure simultaneously Mn-SOD
and CuZn-SOD activity as described by Beauchamp and Fridovich
(19), or glutathione peroxidase and catalase activities as described
by Sun et al. (20), using cumene hydroperoxide (0.008%) and
hydrogen peroxide (0.003%), respectively. The activities of the
enzymes were determined using concentrations of the tissue ex-
tracts in which the assays were linear and expressed as relative units
per mg of protein.

Results
Using the NaI method to isolate DNA, we first measured the
levels of oxo8dG in nDNA from male F344 rats of various ages
because the initial studies by Ames’ laboratory (7) used this
strain of rats and because the majority of the studies that have
compared DNA oxidation in young and old rodents have used
male F344 rats. As can be seen in Fig. 1 and Table 1, we observed
a significant age-related increase in oxo8dG levels in nDNA in
all tissues studied, e.g., liver, skeletal muscle, brain, kidney, and
heart. The age-related increase in oxo8dG from 6 to 24 months
of age ranged from 88% for liver, to 225% for skeletal muscle,
to 340% for kidney and brain, to 370% for heart. This increase
in DNA oxidation occurred primarily in the later half of life (Fig.
1). We also measured the levels of oxo8dG in mtDNA isolated
from the livers of the rats. The level of oxo8dG in mtDNA from
male F344 liver increased 70% between 6 and 24 months of age.

We also measured the levels of oxo8dG in tissues from young and
old male B6D2F1 mice and male C57BLy6 mice. The data in Table
1 show that an age-related increase in oxo8dG levels was observed
in nDNA isolated from all tissues studied. The age-related increase
in oxo8dG levels for male B6D2F1 mice ranged from 21% for
kidney, to 37% for liver, to 52% for skeletal muscle, to 167% for
brain, to 225% for heart. For the male C57BLy6 mice, the increase
in oxo8dG levels ranged from 47% for liver, to 60% for kidney, to
78% for heart, to 250% for brain. We also observed a 50% increase
in oxo8dG levels in mtDNA isolated from the livers of old B6D2F1
mice compared with young B6D2F1 mice.

Fig. 1. DNA oxidation in tissues of male F344 rats. nDNA was isolated from
the liver, brain, kidney, heart, and skeletal muscle, and mtDNA was isolated
from liver tissue of 6-, 18-, and 24-month-old rats fed ad libitum (E) and
24-month-old rats fed a caloric-restricted diet (f). Each value is the mean 6
SEM for data collected from six rats, and the data were analyzed using a
one-way ANOVA with a Bonferonni test to show significance. *, The oxo8dGy
105dG ratio in nDNA and mtDNA was significantly higher (P , 0.05) for the
24-month-old rats fed ad libitum compared with 6- or 18-month-old rats fed
ad libitum. †, The oxo8dGy105dG ratio in nDNA and mtDNA was significantly
higher (P , 0.05) for the 24-month-old caloric-restricted rats compared with
the 24-month-old rats fed ad libitum.
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The levels of oxo8dG in nDNA isolated from female C56BLy6
mice of various ages were also observed to increase significantly
with age (Table 1). The age-related increase in oxo8dG levels
ranged from 32% for spleen, to 38% for liver, to 48% for skeletal
muscle, to 107% for kidney, to 143% for heart, to 241% for brain.
The levels of oxo8dG in mtDNA from liver also increased
significantly (126%) with age. The data in Table 1 also show that
the age-related increase in oxo8dG levels in tissues of the female
C57BLy6 mice occurred primarily in the later half of life, which
is identical to what we observed for male F344 rats.

The effect of dietary restriction on DNA oxidation was also
studied in tissues from male F344 rats and male B6D2F1 mice.
The levels of oxo8dG in nDNA from the brain, heart, and
skeletal muscle of food-restricted, 24-month-old rats were sig-
nificantly lower than those of 24-month-old rats fed ad libitum.
However, dietary restriction had no effect on the levels of
oxo8dG found in nDNA from the liver and kidney of the rats. In
contrast, dietary restriction completely prevented the age-
related increase in oxo8dG levels in liver mtDNA in the male
F344 rats. In male B6D2F1 mice, dietary restriction significantly
reduced the levels of oxo8dG in nDNA from all tissues studied,
e.g., liver, kidney, brain, heart, and kidney. In addition, dietary
restriction prevented the age-related increase in oxo8dG levels
in liver mtDNA of the B6D2F1 mice.

To gain an understanding of the mechanism responsible for
the age-related increase in oxo8dG in tissues of rodents, we

measured the ability of tissues from young and old mice to
remove oxo8dG. We exposed young and old female C57BLy6
mice to a low dose of g-irradiation (2 Gy), which significantly
induced DNA oxidation but was not lethal (21). The ability of
tissues from the irradiated mice to repair the oxidative damage
was measured by the disappearance of oxo8dG. The data in Fig.
2 show that g-irradiation induced the levels of oxo8dG in the liver,
brain, and heart '10-fold compared with the endogenous levels of
oxo8dG found in untreated mice (Table 1). The oxo8dG levels
rapidly decreased after irradiation in the three tissues of both young
and old mice such that the oxo8dG levels returned to untreated
levels within 15 min for the young animals and within 30 min for the
old animals. The data in Fig. 2 show that the rate of removal of
oxo8dG from nDNA in liver, brain, and heart is similar for young
and old mice. We also measured the ability of nuclear extracts from
young and old female mice to remove oxo8dG as described by Street
et al. (22). We observed no decrease in the ability to remove oxo8dG
in the liver nuclear extracts from old mice compared with young
mice, e.g., the activity was 0.56 6 0.04 versus 0.64 6 0.05 fmol of
oligonucleotide cleaved/mg protein (mean 6 SEM for four mice per
group) for young and old mice, respectively.

One unexpected observation from the g-irradiation experi-
ment was the dramatic difference in the levels of oxo8dG
induced by g-irradiation in the tissues of the old mice compared
with tissues from young mice. For example, the levels of oxo8dG

Table 1. Effect of age and dietary restriction on the levels of DNA oxidation in tissues from rats and mice

oxo8dGy105dG ratio

6 months
ad libitum

14–18 months
ad libitum

24–26 months*
ad libitum

24–26 months
calorie restricted

Male F344 rats
Liver 0.033 6 0.005 (6) 0.046 6 0.007 (6) 0.062 6 0.001 (6) 0.062 6 0.007 (6)
Liver (mtDNA) 0.108 6 0.017 (6) 0.105 6 0.012 (6) 0.185 6 0.029 (6) 0.093 6 0.016† (6)
Brain 0.012 6 0.003 (6) 0.027 6 0.009 (6) 0.053 6 0.009 (6) 0.036 6 0.008† (6)
Kidney 0.011 6 0.008 (6) 0.025 6 0.008 (6) 0.053 6 0.008 (6) 0.044 6 0.009 (6)
Heart 0.010 6 0.002 (6) 0.026 6 0.009 (6) 0.047 6 0.006 (6) 0.024 6 0.009† (6)
Muscle 0.021 6 0.001 (6) 0.030 6 0.002 (6) 0.068 6 0.009 (6) 0.030 6 0.002† (6)

Male B6D2F1 mice
Liver 0.035 6 0.003 (18) ND 0.048 6 0.004 (18) 0.039 6 0.004† (18)
Liver (mtDNA) 0.133 6 0.023 (3) ND 0.202 6 0.026 (3) 0.118 6 0.024† (3)
Brain 0.012 6 0.003 (18) ND 0.032 6 0.005 (18) 0.025 6 0.003† (18)
Kidney 0.027 6 0.002 (18) ND 0.033 6 0.003 (18) 0.029 6 0.003† (18)
Heart 0.012 6 0.004 (18) ND 0.039 6 0.007 (18) 0.026 6 0.005† (18)
Muscle 0.025 6 0.002 (7) ND 0.038 6 0.007 (7) ND

Female C57BL/6 mice
Liver 0.029 6 0.002 (8) 0.029 6 0.003 (8) 0.040 6 0.003 (8) ND
Liver (mtDNA) 0.198 6 0.066 (3) ND 0.447 6 0.041 (8) ND
Brain 0.012 6 0.001 (8) 0.017 6 0.003 (8) 0.041 6 0.003 (8) ND
Kidney 0.014 6 0.002 (8) 0.019 6 0.004 (8) 0.029 6 0.003 (8) ND
Heart 0.021 6 0.001 (8) 0.025 6 0.003 (8) 0.051 6 0.003 (8) ND
Muscle 0.025 6 0.004 (7) ND 0.037 6 0.005 (7) ND
Spleen 0.019 6 0.002 (5) 0.019 6 0.002 (5) 0.025 6 0.001 (5) ND

Male C57BL/6 mice
Liver 0.032 6 0.003 (5) ND 0.047 6 0.003 (5) ND
Brain 0.012 6 0.003 (5) ND 0.042 6 0.002 (5) ND
Kidney 0.022 6 0.005 (5) ND 0.035 6 0.001 (5) ND
Heart 0.023 6 0.009 (5) ND 0.041 6 0.003 (5) ND

nDNA and mtDNA (noted in parentheses) were isolated from various tissues of rats and mice. The numbers in parentheses represent
the number of animals in each group, except for the mtDNA isolated from the mice, which represents three groups of liver pooled from
five mice. All values represent the mean 6 SEM, and the data were analyzed using a one-way ANOVA with a Bonferroni test to show
significance.
*The oxo8dG/105dG ratio in nDNA and mtDNA for the tissue was significantly higher (P , 0.05) for all the old rats or mice fed ad libitum
compared to the younger rats or mice.

†The oxo8dG/105dG ratio in nDNA and mtDNA for the tissue was significantly higher (P , 0.05) for the old caloric-restricted rats or mice
compared to the old rats or mice fed ad libitum.
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induced immediately after g-irradiation in nDNA were higher
(60%, 85%, and 170% for liver, heart, and brain, respectively) for
old mice compared with young mice. The higher levels of
oxo8dG in nDNA from the tissues of the old mice persisted until
30 min after g-irradiation when the levels of oxo8dG returned to
untreated levels. To determine whether the greater induction of
oxo8dG in nDNA from old rats after g-irradiation was caused by
a reduced antioxidant defense system, we measured the activities
of the four major antioxidant enzymes in the liver, heart, and
brain of young and old mice. The data in Table 2 show that the
activities of Mn-SOD, CuZn-SOD, catalase, and glutathione
peroxidase were similar in tissues from of young and old mice.

Discussion
Since the initial report by Fraga et al. in 1990 (7), there has been a
great deal of controversy over whether DNA oxidation (i.e.,
oxo8dG levels) increases with age. A significant increase in oxo8dG
levels in nDNA has been observed with age in a number of studies
(7, 23, 24). However, an equal number of studies have reported no
significant change in oxo8dG levels with age (9, 25–27). Using the
NaI method, which eliminates oxidative damage to DNA during
isolation (14), we conducted a comprehensive study on the effect of
age on DNA oxidation. A significant increase in oxo8dG levels in
nDNA was observed in every tissue and strain of rodent studied.
Thus, our data demonstrate that DNA oxidation increases with age
and that this increase appears to be universal in all tissues of
rodents. However, the increase in oxo8dG levels varies considerably
from tissue to tissue and from rodent strain to rodent strain. For
example, the age-related increase in DNA oxidation was greater in
all tissues of F344 rats than in the same tissues in the mouse strains
studied. This greater age-related increase in oxo8dG levels in F344
rats is correlated with a shorter lifespan for the F344 rats compared
with the mouse strains studied, e.g., mean survival of 26 months for
F344 rats compared with 29 to 33 months for the mice (see Materials
and Methods). In addition, the age-related increase in oxo8dG levels
in mice was generally the greatest in brain and heart tissue
compared with other tissues, e.g., liver. Previous studies have also
reported that the age-related increase in oxo8dG was greater in
brain and heart of mice compared with liver (28, 29). The most
likely explanation for the greater age-related increase in oxidative
damage in nDNA from brain and heart is the higher metabolic
activity of these tissues compared with other tissues and, thus, the
greater potential exposure of the nDNA to oxidative stress. In
addition, because these are postmitotic tissues, cell turnover would
be minimal in brain and heart compared with other tissues.

Previous studies have reported an age-related increase in oxo8dG
levels in mtDNA isolated from liver (5, 8), brain (30), and heart (31)
of rats and mice. However, other studies have reported a decrease
in oxo8dG levels in mtDNA with age (32, 33). In our experiments,
we used large amounts of liver tissue to increase the yield of mtDNA

Fig. 2. Effect of age on the removal of oxo8dG from nDNA following acute whole-body g-irradiation. Young (E) and old (F) female C57BLy6 mice were exposed
to 2 Gy of g-radiation, and nDNA was isolated from liver, brain, and heart immediately after irradiation and again at 7.5, 15, and 30 min after irradiation. Each
value represents the level of oxo8dG induced by g-irradiation, i.e., the oxo8dG levels in the untreated tissues (given in Table 2) have been subtracted from the
levels of oxo8dG obtained after irradiation. Each value is expressed as a mean 6 SEM of data from six mice. The rate of removal of oxo8dG from the nDNA was
calculated by using a MICROSOFT EXCEL graphing program that generated the best-fitting straight line beginning at the point of maximal damage (time 0)
continuing through the time points until the oxo8dGy105dG levels reached baseline. The EXCEL program then generated the slope of the line, and these lines
are shown in the figure. The rates of oxo8dG removal were 0.113 6 0.049 vs. 0.109 6 0.025 oxo8dGy105dG per min for livers from young and old mice, respectively;
0.134 6 0.033 vs. 0.086 6 0.009 oxo8dGy105dG per min for brains from young and old mice, respectively; and 0.118 6 0.032 vs. 0.100 6 0.029 oxo8dGy105dG per
min for hearts from young and old mice, respectively. The rates of oxo8dG removal for young and old mice were compared statistically using a Student’s t test.
No statistically significant difference was observed between young and old mice for the three tissues. However, the levels of oxo8dG were significantly higher
(P , 0.001 level) for the old mice than the young mice at all time points except the 30-min time point for all three tissues and the 7.5-min time point for liver.

Table 2. The effect of age on the activities of the major
antioxidant enzymes

Tissue Antioxidant enzyme

Enzyme activity
relative unitsymg protein

Young Old

Liver Catalase 4.65 6 0.17 4.56 6 0.09
Glutathione peroxidase 7.16 6 0.60 8.36 6 0.28
Mn superoxide dismutase 11.52 6 1.32 12.12 6 0.31
CuZn superoxide dismutase 192.53 6 20.23 174.28 6 16.19

Heart Catalase 0.42 6 0.07 0.51 6 0.02
Glutathione peroxidase 0.40 6 0.06 0.61 6 0.02
Mn superoxide dismutase 63.08 6 1.95 68.04 6 3.69
CuZn superoxide dismutase 66.92 6 0.33 73.20 6 3.91

Brain Catalase 0.29 6 0.03 0.34 6 0.06
Glutathione peroxidase 0.86 6 0.12 0.90 6 0.07
Mn superoxide dismutase 13.76 6 1.02 18.01 6 1.34
CuZn superoxide dismutase 43.31 6 1.69 46.53 6 4.75

The activities of the various antioxidant enzymes were measured in tissue
extracts isolated from young (6–7 months) and old (26–28 months) female
C56Bl/6 mice as described in Materials and Methods. Each value represents the
mean 6 SEM of data from four mice.
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because Beckman and Ames (34) showed that measurements of
oxo8dG with small amounts of mtDNA gave apparent elevated
levels of oxo8dG in the DNA sample. We observed that the levels
of oxo8dG in mtDNA isolated from the livers of old rodents was
50% to 124% higher than that observed in mtDNA isolated from
young rodents. Thus, our data show that oxidative damage increases
with age for both nDNA and mtDNA.

Why does oxidative damage to DNA increase with age? A
simple prediction is that the increase is because of a decline in
the ability of cells to repair DNA damage. Over the past two
decades, reports have shown an age-related decline in nucleotide
excision repair (35, 36). However, there is very little information
on the effect of age on base excision repair, the DNA repair
pathway primarily responsible for repairing oxidative base dam-
age. Our data show that the age-related increase in oxo8dG was
not because of a deficit in the ability of the cells from old animals
to remove oxo8dG. However, tissues of the old animals appear
to be more sensitive to the generation of oxidative damage to
DNA when exposed to an oxidative stress, e.g., g-irradiation.
This observation is important because it suggests that the most
effective strategy to prevent the age-related increase in the
accumulation of oxidative damage to DNA would be the use of
compounds that scavenge or prevent the generation of reactive
oxygen species, e.g., antioxidants or metal chelators. Other
investigators have also observed that cells or tissues from old
animals are more sensitive to oxidative stress in vitro than cells
or tissues from young animals. For example, Zahn et al. (37)
reported that DNA damage (strand breaks) induced after incu-
bating tissues (liver, heart, brain, kidney, lung, skeletal muscle,
and intestine) with nitroquinolin-N-oxide in vitro was 2-fold
greater for tissues from old mice compared with tissues from
young mice. Guo et al. (36) found that more DNA damage
(cyclobutane pyrimidine dimers) was induced by UV-irradiation
in the nDNA of primary cultures of hepatocytes isolated from
old rats compared with hepatocytes isolated from young rats.
Rikans and Cai (38) also showed that diquat induced more
oxidative damage to lipid and protein in primary cultures of
hepatocytes isolated from old rats compared with hepatocytes
isolated from young rats. Our report shows that the in vivo
sensitivity of tissues of whole animals to oxidative stress in-
creases with age. Although our data do not explain why the
tissues of the old mice are more sensitive to the induction of
oxo8dG by g-irradiation, the increase does not appear to be due
to age-related changes in the activities of the major antioxidant
enzymes (Table 2). Rikans et al. (39) also concluded that the
increased sensitivity of hepatocytes from old rats to diquat was
not because of changes in enzymatic mechanisms that protect
against oxidative damage; rather, they found that hepatocytes
from old rats were more sensitive to diquat because of higher
levels of ferritin iron in the livers of the old rats. An age-related
increase in iron content has been reported in the basal ganglia
in human brain tissue (40) as well as in the kidney, liver, and
brain tissues of rats (41) and brain tissue of mice (42). Therefore,
it is possible that the tissues of the old mice in our study were
more sensitive to the induction of oxo8dG in DNA by g-irradi-
ation because of enhanced levels of iron that potentate the
oxidative stress induced by g-irradiation.

To assess the importance of the increase in DNA oxidation in
the aging process, we asked if dietary restriction altered the
age-related accumulation of oxo8dG. Over the past two decades,
it has been well established that chronic restriction of food
(calories) delays the onset of most age-related diseases, alters
most physiological processes that change with age, and extends
lifespan (3, 43). These data provide convincing evidence that
dietary restriction increases survival of rodents by retarding
aging. Therefore, if the age-related increase in DNA oxidation
is important in aging, the increase should be retardedyreduced
by dietary restriction. A few reports indicate that dietary re-

striction reduces the level of DNA oxidation in tissues of rodents
(25, 44, 45); however, all of these studies have used phenol to
isolate DNA. We observed a significant decrease in oxo8dG
levels in nDNA in all tissues of old mice fed a caloric-restricted
diet compared with old mice fed ad libitum. We also observed
a decrease in oxo8dG in nDNA from brain, heart, and skeletal
muscle in caloric-restricted rats; however, dietary restriction did
not decrease the oxo8dG levels in nDNA from liver and kidney
of rats. Thus, dietary restriction did not always reduce oxidative
damage to nDNA in rodent tissues, and even in those tissues in
which dietary restriction significantly reduced oxidative damage
to nDNA, the decrease was often relatively mild (e.g., dietary
restriction only reduced oxo8dG levels 14–19% in liver and
kidney of mice). In contrast, dietary restriction had a dramatic
effect on the level of oxo8dG in mtDNA. For example, dietary
restriction completely prevented the age-related increase in
oxo8dG levels in liver mtDNA in rats and mice even though
dietary restriction had no effect on the age-related increase in
oxo8dG levels in rat liver nDNA and reduced oxo8dG levels only
19% in mouse liver nDNA. Thus, our data suggest that dietary
restriction has a much greater effect on the age-related accu-
mulation of oxidative damage in mtDNA than nDNA. However,
additional experiments with mtDNA from other tissues are
needed to determine whether this effect of dietary restriction on
oxidative damage to mtDNA is seen in tissues other than liver.
The observation that dietary restriction has a greater effect on
the age-related accumulation of oxo8dG in brain and heart than
kidney and liver suggests that oxidative damage to some tissues
might be more important than others with regard to the aging
phenotype. However, there is not a direct relationship between
the effect of dietary restriction on the age-related accumulation
of oxo8dG and pathology. For example, dietary restriction has
been shown to have a major effect on the age-related increase in
pathological lesions in the kidneys of male F344 rats (46).
However, we observed no significant effect of dietary restriction
on the levels of oxo8dG in the kidneys of old, male F344 rats.

In summary, our data clearly demonstrate that oxidative
damage to DNA increases significantly with age in rodents.
Based on the values of oxo8dG, we measured in nDNA from
female C57BLy6 mice and, assuming a GC content of 40% for
nDNA (47), we calculated the steady-state levels of oxo8dG in
brain nDNA. The oxo8dG lesions increase from 3 per 108 bases
for a young mouse to 8 per 108 bases for an old mouse. In other
words, the nuclear genome of the brain of a young mouse would
contain a steady-state level of 180 oxo8dG lesions compared with
640 oxo8dG lesions for an old mouse. Based on the half-life of
oxo8dG in brain, which we calculated to be 12.5 min for young
and old mice (Fig. 2), we estimated that the de novo formation
of oxo8dG in brain tissue of a young mouse would be '27,000
oxo8dG lesions in a 24-h period, compared with 96,000 oxo8dG
lesions in a 24-h period for a brain cell from an old mouse.
Because oxo8dG makes up '5% of all oxidative lesions (12), it
would appear that a brain cell of a young mouse would be
exposed to '500,000 oxidative lesions per day compared with
almost 2 million oxidative lesions per day for a brain cell from
an old mouse, assuming the generation and removal of all of the
oxidative lesions occur at similar rates as oxo8dG. Thus, al-
though the steady-state levels of oxo8dG are relatively small in
the genome of rodent cells, the de novo formation of oxo8dG
lesions is considerable, suggesting that oxidative damages to
DNA that arise from normal cellular metabolism could be highly
relevant in aging and diseases associated with age.
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